Activation of melanocortin 4 receptors (MC4-Rs) in brain nuclei associated with food intake profoundly influences consummatory behavior. Of these nuclei, the dorsal motor vagal nucleus (DMV), which has a dense concentration of MC4-Rs, is an important regulator of gastric tone and motility. Hence, the present study sought to examine the role of MC4-Rs in this nucleus on these activities. Using an in vivo approach, MC4-R agonists, melanotan-II (MT-II) or ␣-melanocyte stimulating hormone (␣-MSH), were unilaterally microinjected into the DMV of rats, and their effects were noted on gastric activity. MT-II decreased phasic contractions, whereas ␣-MSH increased their amplitude. Both effects were blocked by the MC4-R antagonist SHU9119 or by ipsilateral vagotomy. Microinjection of the agonists (MT-II and ␣-MSH) into the overlying nucleus of the solitary tract (NTS), an important component of "vago-vagal" gastric circuitry, decreased phasic contractions. In addition, ␣-MSH reduced gastric tone and mean arterial blood pressure. To study the underlying mechanisms of the effect of MC4-R stimulation on gastric activity, electrophysiological recordings were made from labeled DMV antrum neurons in rat pups and MC4-R Ϫ/Ϫ mice. Bath application of MT-II or ␣-MSH significantly reduced spontaneous action potentials (but not in MC4-R Ϫ/Ϫ mice). However, in low-calcium ACSF, MT-II decreased neuronal firing, whereas ␣-MSH increased it. These effects mirror those of our in vivo DMV studies. Altogether, our novel findings show that activation of MC4-Rs in the brainstem, particularly in the medial NTS by the endogenous peptide ␣-MSH, modulates gastric activity, which may have physiological relevance for food intake and gastric function.
Introduction
The importance of melanocortin 4 receptors (MC4-Rs) in energy balance has been documented extensively (Grill and Kaplan, 2002; Cone, 2005; Morton et al., 2006; De Jonghe et al., 2011) . Their distribution in the brain (Mountjoy et al., 1994; Kishi et al., 2003; Liu et al., 2003) corresponds well with nuclei that are essential for the regulation of feeding and gastrointestinal function, such as those of the hypothalamus and brainstem (Gillis et al., 1989; Rogers et al., 1996; Giraudo et al., 1998; De Jonghe et al., 2011) . In the brainstem, particularly noteworthy is the dense expression of MC4-R mRNA in the dorsal motor vagal nucleus (DMV) (Mountjoy et al., 1994; Kishi et al., 2003; Liu et al., 2003) , which is restricted medially to the rostral two-thirds of the nucleus (Kishi et al., 2003) .
To date, despite the prominent distribution of MC4-Rs in the DMV, information regarding their role at this nucleus is sparse. Activation or inhibition of these receptors at the DMV or in its vicinity is reported to decrease or increase food intake, respectively (Grill et al., 1998; Williams et al., 2000; Zheng et al., 2005 Zheng et al., , 2010 . However, it is difficult to separate the extent and manner by which the DMV influences food intake from that of the overlying nucleus of the solitary tract (NTS); activation of MC4-Rs in both nuclei is reported to reduce food intake (Williams et al., 2000; Zheng et al., 2010) . This is surprising considering that the two nuclei differentially affect gastric motility Cruz et al., 2007) , which is thought to have great relevance for food intake (Janssen et al., 2011) . Furthermore, reactivation of MC4-R signaling in preganglionic parasympathetic DMV neurons has little if any effect on feeding behavior (Rossi et al., 2011) . These disparate reports led us to ask the following: if MC4-Rs in the DMV are not directly pivotal to the control of food intake, then what purposes do they serve in this nucleus? A potential role envisaged for these receptors was that they might regulate gastric motility by influencing vagal outflow to the stomach. The DMV serves, among other functions, as an important regulator of gastric motility (Gillis et al., 1989; Rogers et al., 1996; Ferreira et al., 2002; Cruz et al., 2007) .
Because MC4-R mRNA expression is mainly restricted to the medial portion of the DMV (Mountjoy et al., 1994; Kishi et al., 2003; Liu et al., 2003) , we hypothesized that MC4-R activation in this nucleus would primarily influence phasic contractions. This was extrapolated from neuroanatomical observations, which note that preganglionic neurons in the DMV are topographically organized such that those projecting to the antropyloric region of the stomach are more medially situated than those that project to its fundus (Shapiro and Miselis, 1985; Pagani et al., 1988; Pearson et al., 2007 Pearson et al., , 2011 . The antropyloric region is characterized by strong phasic contractions that help to grind food (Armitage and Dean, 1963; el-Sharkawy et al., 1978; Gillis et al., 1989; Lüdtke et al., 1991; Rogers et al., 1996) .
Materials and Methods

Gastric physiology
Experiments were performed on male Sprague Dawley rats weighing 300 -400 g (Harlan Laboratories) in accordance with the National Institutes of Health guidelines for use of animals in research and with the approval of the Georgetown University Animal Care and Use Committee.
Surgical preparation. Before all experiments, food was withheld overnight, whereas water was provided ad libitum. Animals were anesthetized with an intraperitoneal injection containing a mixture of urethane (800 mg/kg) and ␣-chloralose (60 mg/kg) dissolved in 0.9% saline. Body temperature was monitored by a rectal thermometer and maintained at 37 Ϯ 1°C with an infrared heat lamp. To minimize brain swelling, all animals that underwent neurosurgery were pretreated with dexamethasone (0.8 mg, s.c.). After depth of anesthesia was confirmed by lack of pedal and corneal reflexes, rats were intubated via the trachea after a tracheotomy to maintain an open airway and to institute artificial respiration when necessary. Next, the carotid artery and the jugular vein were cannulated with polyethylene tubing (PE-50) for monitoring blood pressure and for systemic infusion of drugs, respectively. Blood pressure was monitored by a pressure transducer that was coupled to a PowerLab data acquisition system (ADInstruments). Both cervical vagi were carefully isolated from each carotid artery on either side and looped with a 5-0 silk thread for later avulsion during the experiment.
Subsequent to vessel cannulation, a laparotomy was performed to expose the stomach. An intragastric balloon (made from a latex condom that was ϳ3.0 cm long) was inserted into the stomach via the fundus and positioned in the distal region of the antrum, secured in place by a purse string suture. The balloon was inflated (with warm water, ϳ1.2-1.4 ml) to produce a baseline pressure of 6 -12 mmHg, which was measured by a pressure transducer (sensitivity, 5 V ⅐ V Ϫ1 ⅐ mmHg Ϫ1 ) that was connected to it in a manner similar to that described above for monitoring blood pressure. At the end of the procedure, the abdominal cavity was closed using a 0-0 chromic gut suture.
Microinjection procedure. To gain access to the dorsal medulla, the rats were positioned in a stereotaxic apparatus (David Kopf Instruments). A limited dorsal craniotomy was performed to expose the medulla, and the underlying dura and pia were cut and reflected. The caudal tip of the area postrema, the calamus scriptorius (CS), was viewed as a reference point for determining the microinjection coordinates.
Microinjection of drugs was accomplished by a double-barreled glass pipette (inner diameter, 9.3 m; outer diameter, 35-80 m; FHC) that was connected to PE-50 tubing. All microinjections were given into either the DMV or the medial NTS (mNTS) at a 30°angle from the perpendicular. Drugs were administered within 5-10 s in a volume of 30 nl by hand-controlled pressure as determined by a calibration tape (Formaline 9006B) affixed to the micropipette. Stereotaxic coordinates for injection into the DMV were as follows: anteroposterior, ϩ0.4 -0.8 mm rostral to CS; mediolateral, 0.2-0.3 mm lateral to the midline; and dorsoventral, 0.4 -0.6 mm ventral to the dorsal surface of the medulla. Coordinates for the mNTS were as follows: ϩ0.5-0.9 mm rostral to CS; 0.3-0.5 mm lateral to the midline; and 0.2-0.4 mm ventral to the dorsal surface of the medulla.
Both blood and intragastric pressure data were acquired using the PowerLab data acquisition system (ADInstruments) that was connected to an Apple G5 computer.
Histological verification of pipette tracks. At the end of each experiment, the rat was killed with an overdose of the anesthetic mixture mentioned above. The brain was removed and placed in a fixative-cryoprotectant solution that was composed of 4% phosphate-buffered paraformaldehyde and 10% sucrose (0.1 M; pH 7.4) for at least 48 h. The brainstem was dissected and cut on a cryostat into 50 m coronal sections, which were mounted serially onto gelatinized slides and stained with cresyl violet (0.8%). The locations of the microinjection pipette tracks were identified using the atlas of Paxinos and Watson (1998) . To document microinjection sites, microphotographs and camera lucida drawings were made of each pipette track.
Data analyses. Analysis of the intragastric pressure recordings was completed offline using the Chart (ADInstruments) and Prism (GraphPad Software) software packages. To account for respiration and various other signal artifacts, all experimental recordings were initially filtered using a root mean square (RMS; 2 s moving window) algorithm. The peak effect of the drug was selected within 5 min of the injection in which the largest change from baseline was observed (usually a 1-3 min segment). The time-to-peak was taken at the point of injection to a period in which the maximum drug effect was observed. The time-to-steady-state was taken as the point of injection to a value that did not change significantly over a 15 min period. To determine a change in the amplitude of gastric phasic contractions, an algorithm for calculating average peak-topeak values was used. This algorithm was used because gastric phasic contractions have a low frequency of occurrence (e.g., the antrum displays 1.3-5.3 cycles/min; Lentle et al., 2010) . Moreover, this low frequency of gastric phasic contractions did not allow for calculating the area under the curve because of distortion in signal of many of the gastric contractions along the x-axis. This was particularly noticeable after microinjection of the MC4-R agonist melanotan-II (MT-II) that significantly decreased the amplitude of the contractions. Nevertheless, because of the natural variance in the amplitude of gastric contractions, the average peak-to-peak values proved to be a uniform method by which to compare all datasets. However, after analysis of peak-to-peak parameters of baseline values and those measured after drug administration, it was found that differences in an animal's intrinsic activity could introduce considerable variance in the results. To solve this problem, a druginduced response in each animal was normalized to its baseline value, which was displayed as a percentage change in the gastric contractions. The noise level on all completed peak-to-peak analysis was set to zero because an RMS algorithm had already filtered the data. Baseline and maximum drug effect values were taken as a percentage difference using the following formula: [{(maximum Ϫ baseline)/(baseline)} ϫ 100]. All percentage data were analyzed for significance of normality using the D'Agostino and Pearson omnibus normality test. A one-sample t test was performed on the data with the hypothetical value set at zero. For ipsilateral vagotomy data, a two-sample paired t test was performed.
To calculate the change in intragastric tone, the maximal or minimal point within a selected timeframe was determined. By comparing the highest or lowest point in the baseline with that of the drug response, an increase or decrease in tone could be determined. All values were taken as a percentage difference, which passed the aforementioned normality tests. A one-sample t test was performed to determine any significance in the control and treatment means.
To calculate the duration of action of MT-II or the ␣-melanocyte stimulating hormone (␣-MSH), average peak-to-peak parameters were obtained for a 5 min baseline period before each drug injection. After the injection, datasets were sampled as continuous 5 min sets over a 30 min period, which were later increased to 10 min segments for an additional 30 min period. [Note that, because MC3-Rs are absent in the dorsal vagal complex (Roselli-Rehfuss et al., 1993; Kistler-Heer et al., 1998; Iqbal et al., 2001) , both our in vivo and in vitro data are in reference to the activation of The change in frequency of gastric phasic contractions was determined by calculating each contraction within a continuous selected timeframe (5 min baseline vs 5 min after microinjection) and analyzed using a paired t test. In all cases, p Ͻ 0.05 was the criterion used to determine statistical significance.
Electrophysiology
Slices were prepared from brainstems of Sprague Dawley rats ( postnatal days 17-21) or male homozygous MC4-R Ϫ/Ϫ mice (4 -8 postnatal weeks; The Jackson Laboratory) that had retrograde tracer (DiI) applied to the antrum of their stomach in a manner described previously by us . Briefly, under isoflurane anesthesia, the brainstem was quickly removed and placed in ice-cold (4°C) artificial CSF (ACSF) solution ( pH 7.4) containing the following (in mM): 120 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 5 glucose, 10 sucrose, 0.4 ascorbic acid, 3 myo-inositol, and 2 sodium pyruvate. The solution was oxygenated with a carbogen mixture of 95% O 2 and 5% CO 2 . Coronal brainstem sections (250 m) containing the NTS and DMV (0.5-1 mm rostral to the CS) were obtained using a vibratome (Vibratome Series 1000) and incubated at 37°C for 1 h in oxygenated ACSF (95% O 2 and 5% CO 2 ) with the following composition (in mM): 120 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 5 HEPES, and 2.5 glucose, pH 7.4. The slices were then transferred to a recording chamber (500 l volume) attached to the stage of a Nikon E600-FN microscope. There, they were continuously perfused at room temperature (21-22°C) with oxygenated ACSF.
Neurons in the DMV area were identified visually by infrared differential interference contrast or fluorescence optics and a CCD camera (Dage S-75). A 60ϫ water-immersion objective was used for identifying and approaching neurons.
Cell-attached (loose seal Ͻ40 M⍀), whole-cell voltage-clamp (V hold ϭ Ϫ60 mV) or current-clamp (V m ϭ Ϫ65 mV) recordings of fluorescent DMV antrum-projecting neurons were made with patch electrodes (5-6 M⍀) containing a solution (pH 7.2) composed of the following (in mM): 145 K-gluconate, 5 EGTA, 5 MgCl 2 , 10 HEPES, 5 ATP.Na, and 0.2 GT-P.Na. (Note that action potential firing frequency was not significantly different in parallel cell-attached recordings with ACSF pipette solution.) In studies in which IPSCs were studied, 145 mM KCl with 1.7 mM QX-314 was substituted for potassium gluconate in the pipette solution. The patch pipette was coupled to an amplifier (MultiClamp 700B; Molecular Devices), and its signal was filtered at 2 kHz. Series resistance was typically Ͻ10 M and was not compensated but was continuously monitored with a hyperpolarizing 5 mV pulse.
Drug application. Once a stable firing pattern (cell-attached mode) or synaptic currents (voltage-clamp or current-clamp) were recorded, the slice was exposed (ϳ3-5 min) to MT-II via bath application. This cyclic MSH analog is a full agonist of the MC3/4-Rs (Fan et al., 1997) . In some experiments, the slices were exposed to the endogenous melanocortin agonist ␣-MSH. Depending on the experiment, tetrodotoxin (TTX; 1 M), gabazine (20 M), CNQX (10 M) or NBQX (5 M), and AP-5 (50 M) were constituted in the ACSF along with the glycinergic antagonist strychnine (5 M). In experiments in which slices were exposed to low calcium (0.2 mM CaCl 2 ), the ACSF was adjusted for osmolarity by sucrose, which was typically 296 mOsm. All drugs were applied via bath application.
Data analyses. Data were analyzed offline using the pClamp 10 software (Molecular Devices). In addition, analysis was also performed using a semi-automated threshold-based software (Mini Analysis; Synaptosoft) and visually confirmed. All data were normalized, and the results are expressed as means Ϯ SEM. A one-sample t test, a paired t test, or a one-way repeated-measures ANOVA was used to assess significant differences between control and drug-treated conditions. Treatment interactions were assessed by the Tukey's multiple comparisons test. The criterion used to determine statistical significance was p Ͻ 0.05.
Drugs
The drugs used in both our in vivo and in vitro studies were purchased from the following companies: urethane, ␣-chloralose, L-glutamate, L-NAME, apamin, and kynurenic acid, Sigma-Aldrich; melanotan-II (Ac-Nle-cycloAsp-His-D-Phe-Arg-Trp-Lys-NH2), ␣-MSH (Ac-Ser-Tyr-Ser-Met-GluHis-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2), and -imidazol-4-ylmethyl)-2,5,8,15-tetraoxo-1,4,9-triazacyclopentadec-13-en-6-yl] hexanamide], Phoenix Pharmaceuticals; gabazine, CNQX, NBQX, 
, R&D Systems; TTX, Ascent Scientific. Note that all melanocortin-related peptides used were specifically purchased in single-use aliquots (kept at Ϫ20°C) so that contamination, protein degradation, and concentration errors were avoided.
Experimental design (in vivo)
Once stable recording of gastric motility was acquired (ϳ30 min), L-glutamate (500 pmol/30 nl; 16.7 mM) was microinjected into either the DMV or the NTS to determine the nature of gastric responses induced from these nuclei. Invariably, stimulation of the DMV resulted in increases in gastric motility and tone, which was opposite to that elicited from the mNTS. After two stable responses elicited by L-glutamate from either of the two nuclei (interstimulus interval, ϳ10 min), the test compounds or their vehicle were microinjected in animals comprising the following treatment groups.
Microinjection of MT-II in the DMV. These studies (n ϭ 22) were undertaken to determine the effect of MT-II on gastric motility at the DMV. Here, as with L-glutamate, two stable responses were obtained (interstimulus interval, ϳ30 min). Because premotor neurons in the DMV project unilaterally via the vagus to the stomach, we used ipsilateral vagotomy (in reference to the side of the injection) to determine the origin of our induced responses. (Note that unilateral vagotomy abolishes responses that are elicited from the DMV, whereas bilateral vagotomy is required to eliminate responses that are of mNTS origin.) After performing ipsilateral vagotomy, a repeat microinjection of MT-II was done. If the MT-II induced before the vagotomy response was abolished, the effect was attributed to that arising from the DMV.
Control microinjection studies in the DMV. These control experiments involved two groups. Group 1 (n ϭ 3) received vehicle injection in the DMV, whereas group 2 (n ϭ 3) received MT-II in areas outside the DMV or NTS.
Microinjection of SHU9119 in the DMV. This group (n ϭ 4) initially received MT-II (20 pmol), which was followed 1 h later by the MC3/MC4 antagonist SHU9119.
Microinjection of MT-II in the DMV and intravenous administration of L-NAME.
In these experiments (n ϭ 3), MT-II was microinjected into the DMV, and its induced response was subsequently challenged by intravenous administration of L-NAME. This procedure was similar to the ipsilateral vagotomy experiments mentioned above and performed to assess the contribution of a possible nitric oxide pathway.
Microinjection of MT-II and kynurenic acid in the mNTS. In addition to the above, the interaction of MT-II and kynurenic acid was studied at the mNTS in one group (n ϭ 4). These experiments were performed to determine whether MT-II would unmask the excitatory effect of kynurenic acid in the mNTS as reported previously for the -opioid agonist DAMGO (Herman et al., 2010) .
Similarly, the above experimental group design was also used for the endogenous melanocortin compound ␣-MSH that was microinjected into the DMV or the mNTS.
Experimental design (in vitro)
These studies used the following experimental treatment conditions in brainstem slices.
MT-II or ␣-MSH effects on spontaneous action potentials. In these studies, retrogradely labeled DMV antrum-projecting neurons were exposed via bath application to MT-II (n ϭ 24) or ␣-MSH (n ϭ 6), and their effect was noted on spontaneous action potentials. In another two groups, DMV antrum neurons were preexposed to bath application of SHU9119, followed either by MT-II (group 3, n ϭ 6) or ␣-MSH (group 4, n ϭ 10).
MT-II or ␣-MSH effects on spontaneous action potentials in homozygous in MC4-R
Ϫ/Ϫ mice. In these studies, either MT-II (n ϭ 5) or ␣-MSH (n ϭ 6) was bath applied to retrogradely labeled DMV neurons from the gastric antrum.
MT-II or ␣-MSH effects on spontaneous action potentials in low Ca
2ϩ (0.2 mM).
In these studies, either MT (n ϭ 5) or ␣-MSH (n ϭ 14) was bath applied in the presence of low Ca 2ϩ to determine the synaptic site of action.
Underlying mechanism of the action of low Ca 2ϩ on the spontaneous firing frequency of DMV antrum labeled neurons. In these experiments, labeled DMV antrum neurons (n ϭ 7) were exposed to the positive SK channel modulator CyPPA in the presence of low-calcium ACSF.
Presynaptic versus postsynaptic effect of MT-II or ␣-MSH on action potentials of labeled DMV antrum neurons.
In these experiments, the site of synaptic effect of MT-II (n ϭ 6) or ␣-MSH (n ϭ 7) on the activity of antrum labeled neurons was assessed in the presence of a mixture of fast synaptic blockers (TTX, CNQX, AP-5, and gabazine).
Effects of MT-II on spontaneous IPSCs and in DMV labeled antrum neurons. In these studies, the effect of MT-II was evaluated on spontaneous IPSCs (n ϭ 16) and EPSCs (n ϭ 23). In another two groups (group 1, n ϭ 5; group 2, n ϭ 5), these same effects were determined in the presence of TTX.
Results
Effects of MT-II microinjection into the DMV on gastric motility and tone
Doses ranging from 2 to 50 pmol of MT-II were microinjected unilaterally into the DMV to determine their effects on gastric motility. When 20 pmol of MT-II was tested (n ϭ 12), it produced significant decreases in the amplitude of phasic contractions that averaged 83 Ϯ 6% relative to baseline (t (11) ϭ 15.45, p Ͻ 0.0001; Fig. 1A ). Gastric tone was not significantly affected (6 Ϯ 4% decrease from baseline). The effect of MT-II on the frequency of contractions could not be assessed because, in most animals, the amplitude was diminished to such an extent that it was indeterminable. On average, the decrease in the amplitude of phasic contractions occurred at an interval of 2.0 Ϯ 0.4 min after MT-II was microinjected and reached a nadir in 4.2 Ϯ 0.8 min after microinjection. This attenuation of phasic contraction amplitude never fully wore off; instead, a partial restoration to lower stable amplitude occurred on average 22 Ϯ 2.2 min after microinjection. The new steady-state level of amplitude of the contractions was 76 Ϯ 9% of the initial magnitude of baseline phasic contractions. Microinjection of MT-II had no significant effect on mean arterial blood pressure.
Although decreases in the amplitude of phasic contractions were the consistent and dominant response, in one-third of the rats (n ϭ 4 of 12), microinjection of 20 pmol of MT-II evoked an immediate but brief excitatory response (Fig. 1A) . The percentage increase in the amplitude of the contraction was 167 Ϯ 70%, but this was not statistically significant ( p ϭ 0.097). A representative experiment illustrating the consistent and dominant decrease in the amplitude of phasic contractions in response to microinjection of MT-II appears in Figure 1A , as well as the microinjection site for this experiment (Fig. 1B) .
To confirm the specificity of our MT-II injections in the DMV and their effect on gastric motility, two types of control experiments were performed. In the first type (n ϭ 3), the vehicle for MT-II (0.9% saline) was microinjected unilaterally into the DMV and was found not to have any significant effect on the amplitude of phasic contractions (14 Ϯ 13%). In the second type (n ϭ 3), to control for site-specific effects, MT-II (20 pmol) was microinjected unilaterally into sites outside the DMV. In each case, MT-II failed to have any significant effect on the amplitude of phasic contractions of the stomach (1 Ϯ 6%; p Ͼ 0.88). The location of these sites, as well as those producing positive MT-II responses, are depicted in the camera lucida drawing shown in Figure 1D . As can be noted, the micropipette tip in each case that resulted in an effective MT-II response was located in the medial half of the DMV, specifically, in the portion of the nucleus that runs parallel to the area postrema (Fig. 1D) .
In testing a higher dose of MT-II (50 pmol), similar qualitative effects could be observed as that seen with the 20 pmol dose (Fig.  1, compare A, C) . This included the predominate effect of a reduction in the amplitude of phasic contractions (n ϭ 5; Fig. 1C ). The percentage decrease in the amplitude of phasic contractions averaged 67 Ϯ 16% (t (4) ϭ 4.29, p Ͻ 0.01). Although less than the corresponding value for the 20 pmol dose of MT-II, the two values were not statistically different ( p Ͼ 0.09). The effect of MT-II on the frequency of contractions was also assessed and found to be statistically not significant. The decrease in the amplitude of phasic contractions occurred on average 1.2 Ϯ 0.3 min after the MT-II was microinjected and reached a nadir in 1.4 Ϯ 0.3 min after microinjection. The contraction amplitude depression wore off by 14.2 Ϯ 6.8 min after microinjection, which at this time was 92 Ϯ 33% of the initial magnitude of baseline phasic contraction. Microinjection of 50 pmol of MT-II had no significant effect on gastric tone or mean arterial blood pressure. As was the case with the 20 pmol dose of MT-II, 50 pmol also produced an initial transient increase in the amplitude of phasic contraction that was marked by a single contraction (Fig. 1C) . This occurred in 80% of the rats tested (n ϭ 4 of 5 rats) and was statistically significant relative to baseline (256 Ϯ 69%; t (3) ϭ 3.73, df ϭ 3; p Ͻ 0.03).
Because the 50 pmol dose of MT-II did not produce a more intense and longer duration suppression of the amplitude of gastric contractions than the 20 pmol dose of MT-II (Fig. 1 A, C) , a few experiments with lower doses of MT-II (10 pmol, n ϭ 2; 2 pmol, n ϭ 3) were performed. Unilateral microinjection of MT-II at these doses did not significantly affect the amplitude of contractions. Although the initial excitatory effect seen with the higher doses (20 and 50 pmol; Fig. 1 A, C) was also noted for the 10 and 2 pmol doses, when they were examined together as a group, these responses were not statistically significant. The microinjection sites for all the doses of MT-II studied were histologically verified and were found to be located in the DMV. Only the relevant MT-II doses (20 and 50 pmol) are summarized in Figure 1D . Incidentally, while determining the effects of MT-II (20 pmol) in the DMV on gastric activity, it was observed that in three animals, microinjections of L-glutamate into the nucleus elicited robust excitatory responses (indicative of DMV activation). However, subsequent MT-II injections at the same site failed to produce any effect on the amplitude of gastric contraction. On histological examination, the microinjection tracks were found to be distributed in the lateral half of the DMV. This was in contrast to experiments in which, subsequent to L-glutamate microinjections, MT-II occasionally produced an initial excitatory response (n ϭ 8 of 17) that was followed by a consistent robust inhibitory response (n ϭ 17) ( Fig.  1 A, C) . In all these experiments, the injection sites were located in the medial half of the DMV. This finding emphasizes the importance of locating the pipette tip in the medial portion of the DMV to obtain a response with this drug.
Because the 20 pmol dose of MT-II at the DMV produced an optimal response in terms of inhibition of the amplitude of gastric contractions, we chose this dose of MT-II to further characterize its effect at the DMV. This focused on three issues. The first was to determine whether it was restricted to the DMV neurons or whether neurons in the nearby mNTS were also involved. The second was to confirm that the MT-II-induced gastric response was attributable to activity at the MC4-Rs. The third concerned the type of efferent DMV pathway that was involved in mediating the MT-II inhibitory response on gastric contractility. Currently, it is thought by several investigators that gastric inhibitory responses mediated by DMV neurons is attributable to both inhibition of an excitatory cholinergic-cholinergic pathway and activation of an inhibitory cholinergic-nitric oxide pathway (Rogers et al., 2003; Hermann et al., 2006; Travagli et al., 2006; Zhou et al., 2008) . To study these issues, we first had to confirm whether the inhibitory responses displayed with 20 pmol of MT-II were repeatable in the same animal, thereby enabling us to test interventions such as ipsilateral vagotomy [a test of a DMV-evoked response Cruz et al., 2007) ] or microinjection of SHU9119 (an antagonist selective for the MC3/4-Rs) into the DMV or intravenous administration of L-NAME (a test to determine the role of nitric-oxide-containing neurons). MT-II was microinjected twice into the DMV at a 1 h interval (n ϭ 3). Both injections inhibited gastric contractility; the magnitude of the decreases was not significantly different (first injection, 70 Ϯ 5%; second, 79 Ϯ 12%; p ϭ 0.34). The recovery to steady state was achieved within 30 min after each injection of MT-II. Consequently, this time interval was chosen between MT-II microinjections in later experiments to allow us to test interventions that included ipsilateral vagotomy, microinjection of SHU9119, and administration of L-NAME (intravenously).
To test for the involvement of the mNTS in the MT-IIinduced response, a half-hour after the first MT-II microinjection, the ipsilateral cervical vagus nerve was sectioned and a second MT-II microinjection was made. In each case, ipsilateral cervical vagotomy abolished the MT-II-induced decrease in the amplitude of phasic contractions (initial MT-II response, 81 Ϯ 6%; t (3) ϭ 13.81, p Ͻ 0.001; after vagotomy, 10 Ϯ 9%; p ϭ 0.31; n ϭ 4). In addition, ipsilateral vagotomy also abolished the L-glutamate increase in gastric motility (n ϭ 4), thus confirming that our microinjections were localized to the DMV. (Note that the ipsilateral vagotomy in itself did not significantly affect gastric motility or tone.)
To determine whether the 20 pmol MT-II response was attributable to its activation of MC4-Rs, the antagonist SHU9119 was used. MT-II (20 pmol; n ϭ 4) microinjected into the DMV significantly depressed gastric phasic contraction amplitude (82 Ϯ 9%; t (3) ϭ 6.71, p Ͻ 0.03; Fig. 2A, left) . After 1 h, SHU9119 (50 pmol) was microinjected into the DMV; this was followed 15 min later by a repeat MT-II injection. MT-II failed to produce any significant change in the amplitude of phasic contraction (4 Ϯ 6%; Fig. 2A, right) . After 4 h post-microinjection of SHU9119, the ability of MT-II to depress gastric phasic contraction ampli- tude was never restored. In addition, when SHU9119 was microinjected in three of the four animals, it increased gastric tone (0.65 Ϯ 0.05 mmHg; t (2) ϭ 3.16, p Ͻ 0.01) but had no significant effect on the amplitude of gastric phasic contractions. Histological verification in three of the four experiments showed the pipette placement to be in the DMV; the other was located in the mNTS ( Fig. 2A, inset) .
To address the type of efferent DMV pathway that was activated by MT-II in the DMV, L-NAME was tested in the same way that ipsilateral cervical vagotomy was tested. Initially, MT-II (20 pmol; n ϭ 3) microinjected into the DMV evoked its characteristic response. A half-hour later, L-NAME (10 mg/kg, i.v.) was administered, which was followed 5 min later by a repeat microinjection of MT-II. L-NAME treatment failed to inhibit MT-IIinduced depression of phasic contractions (before L-NAME, 78 Ϯ 11%; after L-NAME, 80 Ϯ 12%). The effects of L-NAME per se did not significantly alter the amplitude of gastric phasic contractions but did significantly increase gastric tone (4.1 Ϯ 0.8 mmHg; t (4) ϭ 5.1, p Ͻ 0.001). Histological verification of the microinjection sites in the three experiments showed the pipette placement to be in the medial portion of the DMV (data not shown).
Effects of ␣-MSH microinjection into the DMV on gastric motility and tone
These studies were undertaken to compare the effects of the endogenous melanocortin receptor agonist ␣-MSH on gastric contractility with those of MT-II. We used a fivefold higher dose of ␣-MSH (100 pmol) to MT-II because of its lesser potency (IC 50 ϭ 19 nM; EC 50 ϭ 1.6 nM) compared with MT-II (IC 50 ϭ 0.07 nM; EC 50 ϭ 0.45 nM) (MacNeil et al., 2002) and our own studies, which revealed the optimal dose of MT-II at the DMV to be 20 pmol.
Unilateral microinjection of ␣-MSH (100 pmol) into the DMV caused a significant increase in the amplitude of phasic contractions (126 Ϯ 34%; t (5) ϭ 3.69, p Ͻ 0.02; n ϭ 6; Fig. 2B , left). On average, the time to onset of these contractions was 5 Ϯ 7 s, and their peak effect occurred at 30 Ϯ 13 s after microinjection. The duration of action was short (1.9 Ϯ 0.5 min) and recovered to a steady state that did not differ significantly from baseline. In contrast to MT-II, this excitatory response was the dominant gastric response elicited from the DMV without any accompanying depression in gastric activity (Fig. 2B, left) . No significant changes in gastric tone (ϩ0.52 Ϯ 0.20 mmHg), mean arterial pressure (Ϫ2.5 Ϯ 1.6 mmHg), or phasic contractile frequency (ϩ0.04 Ϯ 0.02 Hz) were noted. Microinjection of ␣-MSH was repeatable at 30 min intervals without any significant difference between the first and second microinjection of ␣-MSH (94 Ϯ 10 and 108 Ϯ 5%, respectively). To determine the optimal dose of ␣-MSH, lower doses of it were used (1, 10, and 20 pmol; n ϭ 1 per dose) at the DMV. These had lesser effects on the percentage change in the amplitude of contractions than the 100 pmol dose (1 pmol, 7%; 10 pmol, 24%; 20 pmol, 13%). No effects on gastric tone, frequency of contraction, or mean arterial blood pressure were noted at these doses. Based on these observations, the 100 pmol dose of ␣-MSH was deemed optimal and was further used to characterize the actions of ␣-MSH at the DMV. Histological verification of the microinjection site for the experiment shown as Figure 2B appears in the inset. It shows the pipette placement to be in the medial portion of the DMV. This was also the case for the other five experiments in this study (data not shown).
In characterizing the effect of ␣-MSH at the DMV on gastric activity, similar protocols to those of MT-II were used. Unilateral injections of ␣-MSH in the DMV significantly increased the percentage change in the amplitude of contractions by 96 Ϯ 19% (t (4) ϭ 5.1, p Ͻ 0.007; n ϭ 6) compared with baseline. This response was blocked by ipsilateral vagotomy (13 Ϯ 13%; t (8) ϭ 4.8, p Ͻ 0.001; n ϭ 6; Fig. 2B, right) .
Although, both ␣-MSH and MT-II are reported to be agonists at MC3/MC4-Rs, they had opposite functional effects on the stomach. To confirm that this was not attributable to acrossgroup variation, a set of experiments was performed (n ϭ 3) in which ␣-MSH (100 pmol) was unilaterally microinjected into the DMV and followed 30 min later by MT-II (20 pmol). The rationale in these experiments for the order of the drugs microinjected was that ␣-MSH shows an excitatory short-acting response with full recovery, whereas MT-II shows an inhibitory longerduration response without a full recovery. Using the above protocol, microinjection of ␣-MSH increased the percentage average amplitude of phasic contractions (558 Ϯ 21%; t (2) ϭ 26.57, p Ͻ 0.001; Fig. 3A , left) compared with MT-II, which decreased it (87 Ϯ 7%; t (2) ϭ 12.43, p Ͻ 0.006; Fig. 3A, right) . Verification of the sites of microinjection of the drugs is shown in the camera lucida drawing (Fig. 3, inset) .
To confirm that ␣-MSH-induced increase in the amplitude of phasic gastric contractions was mediated through MC4-Rs, SHU9119 (50 pmol) was microinjected into the DMV (n ϭ 3), which was preceded by an initial injection of ␣-MSH (100 pmol) and followed by a second injection of the same drug. Microinjection of ␣-MSH produced an increase in phasic amplitude (142 Ϯ 27%; t (2) ϭ 5.34, p Ͻ 0.033; Fig. 3B , left) that was blocked by SHU9119 (2 Ϯ 3%; t (2) ϭ 5.01, p Ͻ 0.037) when ␣-MSH was subsequently repeated (Fig. 3B, right) . There was no significant effect of SHU9119 on gastric activity (phasic amplitude, 7 Ϯ 30%; gastric tone, ϩ0.18 Ϯ 0.16 mmHg in reference to baseline). Histological verification of all pipette tracks confirmed that they were located within the DMV (Fig. 3, inset) . The attenuation of ␣-MSH elicited gastric responses by SHU9119 never recovered over the duration of the experiment (ϳ4 h).
Melanocortin receptors other than MC4-R have not been reported to be present in the NTS or DMV (see Materials and Methods). Nevertheless, we injected the selective MC4 agonist THIQ into the DMV to determine whether its effect on gastric motility resembled MT-II or ␣-MSH. Similar to ␣-MSH, THIQ (30 pmol; n ϭ 3) excited gastric motility (115 Ϯ 7% increase from baseline; Fig. 3C , left) that was blocked by ipsilateral vagotomy (Fig. 3C, right) .
Effects of MT-II microinjection into the mNTS on gastric motility and tone
Based on the information we accumulated using 20 pmol of MT-II at the DMV, we used this dose to study its effects at the mNTS. Unilateral microinjection of MT-II produced a significant decrease in the amplitude of phasic contractions (83 Ϯ 6%; n ϭ 7; t (6) ϭ 14.06, p Ͻ 0.0001; Fig. 4A ). Gastric tone was not significantly affected (3.0 Ϯ 2%). The effect of MT-II on the frequency of contractions could not be assessed because, in most animals, the amplitude of contraction diminished to such an extent that frequency could not be measured. The decreases in the amplitude of phasic contractions occurred on average 30 Ϯ 3.5 s after MT-II was microinjected and reached a nadir in 1.1 Ϯ 0.6 min after microinjection. The decrease in phasic contractions did wear off, and restoration to baseline occurred 12 Ϯ 3.9 min after MT-II was microinjected. Microinjection of MT-II had no significant effect on mean arterial blood pressure. In five of the seven rats tested, microinjection of 20 pmol of MT-II evoked an imme-diate but brief excitatory response, consisting of a single large-amplitude contraction (Fig. 4A) . The percentage increase in the amplitude of the contraction was 448 Ϯ 175%, but this value did not achieve statistical significance.
To control for vehicle effects, the MT-II vehicle, saline, was microinjected unilaterally into the mNTS (n ϭ 3) and was found to have no significant effect on the amplitude of phasic contractions. The microinjection sites for 20 pmol of MT-II and saline vehicle were histologically verified, and pipette tip placements for the mNTS are summarized in the camera lucida drawing in Figure 4C . As can be noted, the micropipette tip in each case was located in the mNTS, specifically in the portion of the nucleus that runs parallel to the area postrema.
To confirm that our responses obtained with MT-II microinjection into the mNTS were in fact from it and not from the nearby DMV (Fig. 1) , studies were performed to determine whether its effects were repeatable and whether ipsilateral vagotomy would prevent the response elicited by MT-II as it does when it is microinjected into the DMV. In five experiments, two MT-II microinjections given 30 min apart attenuated gastric contractility to a degree that was not significantly different from each other (first response, 85 Ϯ 7%; second response, 83 Ϯ 9%; n ϭ 5), thus establishing its repeatability of MT-II in the mNTS. To evaluate the effect of ipsilateral vagotomy (n ϭ 7), a halfhour after the first MT-II microinjection was given, the ipsilateral vagus was avulsed and the MT-II microinjection was repeated 10 min later. In each case, ipsilateral vagotomy had no effect on the MT-II-induced decrease in amplitude of phasic contractions (before vagotomy, 83 Ϯ 6%; after vagotomy, 79 Ϯ 4%; p ϭ 0.91). With subsequent bilateral vagotomy, MT-II had no significant effect on the amplitude of contraction (3 Ϯ 2%; p Ͼ 0.05), indicating that the pre-bilateral vagotomy responses were of mNTS origin.
Effects of ␣-MSH microinjection into the mNTS on gastric motility and tone
Similar to MT-II, ␣-MSH was injected into the mNTS to characterize its effect on gastric activity. Unilateral microinjection of ␣-MSH (100 pmol) into the mNTS (n ϭ 5) resulted in an immediate (time to onset, 12 Ϯ 5 s) attenuation of gastric phasic contractions (71 Ϯ 3%; t (4) ϭ 20.66, p Ͻ 0.0001; Fig. 4B ) that was accompanied by a significant drop in gastric tone (0.64 Ϯ 0.13 mmHg; t (4) ϭ 4.98, p Ͻ 0.005; Fig. 4B ) and a reduction in mean arterial blood pressure (15 Ϯ 2.6 mmHg; t (4) ϭ 5.77, p Ͻ 0.003). The frequency of phasic contractions could not be assessed because of their diminished amplitude. The duration of action of ␣-MSH in the mNTS on gastric activity was 4.6 Ϯ 0.6 min, after which baseline levels were fully restored. Unlike MT-II, microinjections of ␣-MSH in the mNTS produced only a depression in gastric activity and did not show an initial transient excitatory response. Repeated injections of ␣-MSH at 30 min intervals did not reveal any statistical difference between the initial inhibitory response (78 Ϯ 5%) and the subsequent one (81 Ϯ 8%). To isolate the influence of the nearby DMV from that of the mNTS, ipsilateral vagotomy was performed in all animals tested above (n ϭ 5). Microinjection of ␣-MSH into the mNTS before ipsilateral vagotomy induced an inhibitory response (71 Ϯ 3%; t (4) ϭ 6.28, p Ͻ 0.004) that was not significantly altered after sectioning the cervical vagus (65 Ϯ 10%).
Similar to the experimental protocol used for the DMV (Fig.  2) , microinjection of SHU9119 (50 pmol) into the mNTS (n ϭ 3) attenuated subsequent responses of ␣-MSH from its initial amplitude values of phasic contraction (82 Ϯ 7 compared with 5 Ϯ 6%; t (4) ϭ 8.17, p Ͻ 0.002; Fig. 5 ) and gastric tone (0.71 Ϯ 0.14 mmHg Inset in A is a camera lucida drawing that shows the distribution of unilateral microinjection sites for ␣-MSH followed by MT-II (white dots) and before SHU9119 microinjections in the DMV followed by ␣-MSH (black squares; n ϭ 3) at the same site. B, A representative experimental tracing showing ␣-MSH-induced gastric response in the DMV (left) is blocked by SHU9119 (50 pmol; right) given at the same site (injection marker not shown). C, A representative experimental tracing showing gastric response induced by microinjection of the selective MC4-R agonist THIQ in the DMV, which is blocked by ipsilateral vagotomy (n ϭ 3). XII, Hypoglossal nucleus; AP, area postrema; CC, central canal. compared with 0.04 Ϯ 0.10 mmHg; t (4) ϭ 3.89, p Ͻ 0.02). However, the decrease in mean arterial pressure elicited by ␣-MSH was not significantly altered (17.8 Ϯ 9.8 compared with 12.2 Ϯ 6.8 mmHg). Similar to the DMV, SHU9119 suppression of ␣-MSH-mediated gastric effects at the mNTS did not recover for the extent of the experiment (ϳ4 h). SHU9119 alone did not significantly affect phasic amplitude or gastric tone during microinjection in the mNTS (ϩ80 Ϯ 141% and ϩ0.31 Ϯ 0.47 mmHg, respectively).
In summary, as is the case of differences in responses of ␣-MSH and MT-II elicited from the DMV, responses elicited by these two substances from the mNTS also differed. In contrast to MT-II, ␣-MSH produced decreases in gastric tone and blood pressure that was not preceded by an initial excitatory effect on the amplitude of gastric motility. The two substances did both decrease the amplitude of contractions. The constellation of effects observed with ␣-MSH, but not with MT-II, resembled those observed with DAMGO (Herman et al., 2009 ). In addition, DAMGO unmasked an excitatory effect of kynurenic acid at the mNTS. Hence, to further characterize ␣-MSH at this nucleus, we assessed whether this agent would also unmask an excitatory effect of kynurenic acid. Five experiments were performed wherein ␣-MSH (100 pmol) was microinjected into the mNTS and allowed to evoke its typical effects (Fig. 6A) . Five minutes later, kynurenic acid (1 nmol) was microinjected into the same site, followed 1 min later by a repeat microinjection of ␣-MSH. Kynurenic acid, which normally has no effect (Herman et al., 2009) , evoked large increases in amplitude of gastric contractions (371 Ϯ 102%; n ϭ 5, t (4) ϭ 3.64, p Ͻ 0.03) and gastric tone [1.5 Ϯ 0.4 mmHg; n ϭ 5; t (4) ϭ 3.75, p Ͻ 0.02 (Fig. 6B) ]. The effects of kynurenic acid took ϳ7.4 Ϯ 1.6 min to occur. Histological verification in five experiments showed the pipette placement to be in the mNTS (Fig.  6C) . Figure 6D , top, shows bar graphs summarizing the effect of ␣-MSH on phasic amplitude of contractions and blood pressure before and after microinjection of kynurenic acid. Figure 6D , bottom, shows bar graphs summarizing the effect of kynurenic acid alone and during ␣-MSH application on phasic amplitude of contractions, tone, and frequency of contractions.
Similar experiments were performed with MT-II (20 pmol; n ϭ 4) and kynurenic acid (1 nmol). In contrast to the robust interaction seen between ␣-MSH and kynurenic acid, MT-II did not unmask any excitatory response of kynurenic acid from the mNTS. Effects of MC3/4 agonists on spontaneous action potentials recorded in vitro from DMV antrum-projecting neurons Our in vivo data indicate that the two MC3/4-R agonists MT-II and ␣-MSH exert opposite effects on amplitude of phasic gastric contractions when microinjected into the DMV. The predominate effect of MT-II is inhibitory, whereas that of ␣-MSH is excitatory. In seeking an explanation for these opposing effects, we used a reduced preparation, namely, the brain slice containing the part of the DMV that we found responsive to both drugs. Because phasic gastric activity originates in the corpus and culminates in the antropyloric region (el-Sharkawy et al., 1978) , we focused on recording from retrogradely labeled antrum neurons.
The effects of the MT-II and ␣-MSH on spontaneous action potentials were studied in retrogradely labeled antrum neurons in the cell-attached mode (loose seal Ͻ40 M⍀). Bath application of MT-II (100 nM) for 3-5 min significantly attenuated the mean neuronal firing rate from baseline by 42 Ϯ 4% (t (23) ϭ 9.81, p Ͻ 0.0001; Fig. 7A ) in a reversible manner (n ϭ 24). Similarly, bath application of ␣-MSH (500 nM) significantly suppressed the average neuronal firing rate by 44 Ϯ 9% (t (5) ϭ 4.49, p Ͻ 0.006; Fig. 7A ) in DMV antrum-projecting neurons (n ϭ 6). A representative experiment demonstrating this decrease in firing rate appears as Figure 7B . In another set of experiments, the percentage decrease in neuronal firing seen after exposure to the MC3/4 agonists was tested in neurons that were preexposed to bath application of SHU9119 (500 nM). In all neurons recorded, MT-II (100 nM; n ϭ 6) or ␣-MSH (500 nM; n ϭ 10) failed to significantly inhibit action potential firing after a 5 min bath application (8 Ϯ 9 and 11 Ϯ 10%, respectively; Fig. 7A ).
As mentioned above, melanocortin receptors other than MC4-R have not been reported to be present in the NTS or the DMV. To confirm this, we recorded from DMV labeled antrumprojecting neurons in MC4-R Ϫ/Ϫ mice. Exposure to either MT-II (n ϭ 5) or ␣-MSH (n ϭ 5) did not significantly affect the neural firing of these neurons.
To determine whether the inhibition of action potentials seen with the MC3/4 agonists were presynaptic in origin, the effects of both MT-II and ␣-MSH were studied in the presence of low calcium (0.2 mM CaCl 2 ). A one-way repeated-measures ANOVA and Tukey's post hoc comparisons was used to test for differences among treatment conditions. In the five neurons studied, bath application of low-calcium ACSF (5-10 min) dramatically increased the mean neuronal firing rate from baseline by 3.1 Ϯ 0.4 Hz ( p Ͻ 0.01), an increase of 94% (Fig. 7C) . This increase from baseline activity was significantly reduced by application of MT-II (100 nM) in the presence of low calcium by 1.7 Ϯ 0.4 Hz ( p Ͻ 0.05; Fig. 7C ), a decrease of 35%. In a separate set of DMV antrum-projecting neurons (n ϭ 14), low-calcium ACSF application (5-10 min) increased the mean frequency of action potentials from baseline by 4.2 Ϯ 0.7 Hz ( p Ͻ 0.0001), an increase of 400%, which was further significantly increased on exposure to ␣-MSH (500 nM) by 0.7 Ϯ 0.2 Hz ( p Ͻ 0.05; Fig. 7D ), an increase of 13%. A representative recording from an antrum labeled neuron (see photomicrograph) showing an increase in neuronal firing rate with ␣-MSH in low calcium is presented in Figure 7E . The decrease in neuronal firing rate with MT-II and its increase with ␣-MSH in low calcium indicate postsynaptic effects of the two substances. It is noteworthy that these two substances have contrasting postsynaptic effects on DMV neurons.
The spontaneous firing frequency of DMV neurons is modulated primarily by small-conductance Ca 2ϩ -dependent K ϩ channels (SK) (Pedarzani et al., 2000) . Inhibition of these channels by apamin increases the firing frequency of neurons (Pedarzani et al., 2000) . To determine whether the increase in neuronal activity induced by lowcalcium ACSF was attributable to decrease in SK channel activity, neurons (n ϭ 7) were exposed to its positive modulator, CyPPA (10 M; 5 min). In the presence of low-calcium ACSF, bath application of the SK modulator significantly reduced the mean neuronal activity by 0.7 Ϯ 0.2 Hz (p Ͻ 0.05), a decrease of 51%. Before this, low-calcium ACSF alone had increased the mean activity from baseline by 0.9 Ϯ 0.2 Hz (p Ͻ 0.05; Fig. 7F ). The postsynaptic effect of both MT-II (n ϭ 6) and ␣-MSH (n ϭ 7) on DMV antrum-projecting neurons was also studied in the presence of a mixture of fast synaptic blockers (TTX, 1 M; CNQX, 10 M; AP-5, 50 M; gabazine, 10 M). Whereas MT-II did not significantly affect the membrane potential, ␣-MSH depolarized the membrane (t (6) ϭ 4.370, p Ͻ 0.0024; Fig. 7G ). 
Effects of MC3/4 agonists on spontaneous IPSCs and EPSCs in DMV neurons that project to the antrum of the stomach
In whole-cell voltage-clamp mode, recordings were made from 16 retrogradely labeled DMV antrum-projecting neurons. Exposure to MT-II (100 nM) via bath application significantly enhanced the frequency of spontaneous IPSCs (Fig. 8A ) from a baseline of 4.6 Ϯ 0.8 to 9.03 Ϯ 1.3 Hz (t (15) ϭ 5.77, p Ͻ 0.0001; Fig. 8B ), an increase of 96%. In addition to frequency, bath application of MT-II also significantly increased the amplitude of IPSCs in the DMV neurons from a mean baseline of 50.2 Ϯ 12.8 pA to that of 67.1 Ϯ 15.1 pA (t (15) ϭ 5.1, p Ͻ 0.01; Fig. 8C ), an increase of 34%. Bath application of the GABA A antagonist gabazine (10 M) inhibited the occurrence of IPSCs in all neurons that were exposed to the drug. In five separate neurons, preexposure to TTX (1 M) blocked the ability of MT-II to enhance IPSC frequency.
The effect of ␣-MSH on IPSCs was tested in five neurons. Similar to MT-II, bath application of ␣-MSH (500 nM) significantly increased the IPSC frequency from a baseline of 1.5 Ϯ 0.2 to that of 3.2 Ϯ 0.6 (t (4) ϭ 3.67, p Ͻ 0.05), an increase of 119%; however, the amplitude of the inhibitory currents was unaffected.
To determine whether spontaneous EPSCs were affected by MT-II, recordings were made from 23 retrogradely labeled DMV antrum neurons. Bath application of MT-II (100 nM) significantly decreased the mean EPSC frequency in 78% (n ϭ 18 of 23) of the neurons from a baseline of 6.3 Ϯ 1.2 to 4.3 Ϯ 1.0 Hz (t (17) ϭ 5.1, p Ͻ 0.0001), an inhibition of 32%. A representative example and graph of reduction in EPSCs frequency attributable to MT-II exposure appears in Figure 8 , D and E. In the remaining 22% of the neurons (n ϭ 5/23), MT-II significantly increased the frequency of EPSCs from a baseline value of 6.21 Ϯ 1.3 Hz to that of 8.9 Ϯ 1.5 Hz (t (4) ϭ 8.5, p Ͻ 0.01), an increase of 43%. In all neurons tested, the amplitude of EPSCs was not significantly affected by bath application of MT-II. In five separate neurons, preexposure to a mixture of TTX (1 M) plus gabazine (10 M) inhibited the effect of MT-II on sEPSC frequency.
In some neurons, the excitatory nature of the postsynaptic currents was tested by the non-NMDA antagonists CNQX (10 M) or NBQX (5 M) and . In all neurons, these postsynaptic currents were blocked by bath application of the non-NMDA receptor antagonists.
The effect of ␣-MSH on EPSCs was also tested in a separate set of DMV labeled antrum neurons (n ϭ 5). Unlike MT-II, bath application of ␣-MSH (500 nM) did not significantly affect either the sEPSC frequency or amplitude.
Discussion
The major findings of our study, which sought to determine the effect of stimulating MC4-Rs in the DMV and mNTS on gastric motility with MT-II and ␣-MSH, are summarized in Table 1 .
Of the listed findings, the most significant is that microinjection of ␣-MSH into the mNTS inhibits phasic gastric contractions and decreases gastric tone. We propose that these effects represent part of the output arm of the melanocortin system of the brain in that they correlate with inhibition of antral motility and fundus tone, respectively This would be perceived as a state of satiation, hence, influencing food intake and body weight. Most important, recent data suggest that leptin increases ␣-MSH in the area of the mNTS (Zheng et al., 2010) . Leptin microinjected bilaterally into the arcuate nucleus of rats activates local POMC neurons, which project to the area of the NTS in which we microinjected ␣-MSH. Furthermore, it decreases food intake, which is prevented by microinjection of SHU9119 into the NTS. Our novel finding shows what ␣-MSH will do in the NTS when it is released, namely, inhibit gastric motility. Consistent with this are the findings that caudal brainstem administration of MC4-R ligands decrease food intake (Grill et al., 1998; Williams et al., 2000) . Because both ␣-MSH and MT-II inhibited phasic gastric contractions when microinjected into the mNTS, these agents would be expected to reduce food intake.
A second finding is that there are key differences between the two MC4-R agonists studied. Our initial focus was on MT-II, because it is the drug selected by many investigators to assess the role of MC4-R activation on food intake (Grill et al., 1998; Williams et al., 2000) . We also studied ␣-MSH because it is usually the first posttranslational peptide occurring endogenously from precursors released by POMC neurons (MacNeil et al., 2002) . Surprisingly, we noticed more differences than similarities between MT-II and ␣-MSH. The most striking difference was seen in the DMV in which MT-II decreased the amplitude of phasic contractions, opposite to ␣-MSH. This was unexpected because it is generally assumed that both activate the MC4-R. This difference in all respects seemed real and not attributable to an error in experimental design. In fact, we examined a wide range of doses for both peptides, and of the MT-II doses tested, only the 20 and 50 pmol produced the characteristic inhibitory effect on gastric motility. Little or no effect was seen with lower doses of MT-II. Conversely, only stimulation of motility was seen with 100 pmol of ␣-MSH, whereas lower doses were ineffective. Potency comparisons of MT-II with ␣-MSH reveal that it is 3.5-to 134-fold more potent than ␣-MSH (Adan et al., 1999; MacNeil et al., 2002; Xiang et al., 2006) . By testing many-fold lower doses of MT-II than ␣-MSH without observing any significant excitatory effect, we are convinced that this difference between the two drugs is genuine. In addition, we tested the MC4-R agonist THIQ and found it to mimic the effect of ␣-MSH. We speculate that this difference between MT-II and ␣-MSH is most likely attributable to a functionally selective agonist bias as has been reported for other receptors (e.g., such as oxytocin; Busnelli et al., 2012) .
Although both peptides differentially affected gastric motility, an effect common to both at the DMV was that (unlike glutamate) they did not affect gastric tone. This "selective" effect is probably related to our finding that the DMV site responsive to both peptides is located in the medial portion of the nucleus that parallels the area postrema. Neurons located at this site primarily project to the gastric antrum (Pearson et al., 2007) . Incidentally, the highest density of mRNA for the MC4-R is localized to this area of the DMV (Kishi et al., 2003) as are ␣-MSH-containing nerve terminals located just rostral to our MT-II/␣-MSH injection sites (Zheng et al., 2005) .
Another difference between MT-II and ␣-MSH was observed in our electrophysiological studies. When presynaptic effects of the two MC4-R agonists were eliminated by perfusion with lowcalcium ACSF, MT-II produced a decrease in neural activity of DMV neurons that was indistinguishable from that obtained in normal-calcium ACSF. In contrast, ␣-MSH produced a slight but statistically significant increase in neuronal firing rate. This difference is unlikely attributable to their concentrations because we used those used by others (Cowley et al., 1999; Fong and Van der Ploeg, 2000; Ye and Li, 2011) and were mindful that MT-II is more potent than ␣-MSH. Recently, the inhibitory effects of MT-II on DMV neurons were also reported by Sohn et al. (2013) , which they attributed to a PKA-dependent activation of a putative K ATP channel. Although corroboratory, comparison of our data with theirs is at present premature. Our observations are based on identified gastric antrumprojecting DMV neurons, whereas those of Sohn et al. (2013) are on cholinergic DMV neurons of unknown preganglionic origin. Altogether, our data suggest that both MT-II and ␣-MSH affect DMV antrum-projecting neurons by a direct postsynaptic action. A striking difference between MT-II and ␣-MSH was also observed in the mNTS. Whereas MT-II was similar in its effect as seen at the DMV, ␣-MSH exerted multiple effects. These included decreases in amplitude of phasic contractions, gastric tone, and mean arterial blood pressure. This spectrum of effects resembles those observed with GABA A antagonists in the mNTS (Herman et al., 2009) . At the DMV, similar to ␣-MSH, GABA A receptor blockade only enhances gastric motility (Sivarao et al., 1998) . Hence, all the effects of GABA A receptor blockade at the mNTS and DMV are mimicked by ␣-MSH. Furthermore, blockade of GABA A receptors at the mNTS unmasks a gastric excitatory effect of kynurenic acid (Herman et al., 2009 ) that is also evident with ␣-MSH but not observed with MT-II. Together, these findings suggest that ␣-MSH might act to suppress GABA A signaling at both the mNTS and the DMV.
Not only does ␣-MSH closely match the spectrum of effects of drugs that block the GABA A receptor, but it also mimics the effects of the -receptor agonist DAMGO at the mNTS. We recently reported that DAMGO microinjected into the mNTS decreases amplitude of phasic contractions, gastric tone, and mean blood pressure (Herman et al., 2010) . Furthermore, like ␣-MSH, DAMGO unmasks a gastric excitatory effect of kynurenic acid at the NTS (Herman et al., 2010) . These results raise the question as to whether the effects seen with ␣-MSH are via circuitry that also engages -opioid signaling at the NTS.
Our data suggest that the two MC4-R agonists do not act in the mNTS on vagal sensory terminals to release glutamate as has been suggested by others (Wan et al., 2008) . Our evidence is based in part on the dissimilar effects of MT-II and glutamate on gastric motility at this nucleus. MT-II at the mNTS only decreases the amplitude of phasic contractions, whereas glutamate additionally decreases gastric tone and mean arterial blood pressure (Cruz et al., 2007) . Furthermore, in our study, kynurenic acid at the mNTS did not affect the usual decrease in phasic contractions seen after microinjection of MT-II. We could not address this question with ␣-MSH because kynurenic acid displayed an excitatory effect on gastric motility in the presence of ␣-MSH.
Speculating on how ␣-MSH acts at the DMV to increase gastric motility, we focus on its effect on neurons in this nucleus. In the presence of low-calcium ACSF, ␣-MSH increased the neuronal activity of premotor DMV neurons that project to the antrum. This direct postsynaptic effect would most likely translate into an increase in motility at the end organ. At the mNTS, ␣-MSH might inhibit gastric function by suppression of the high GABAergic tone present at this site (Herman et al., 2009 (Herman et al., , 2010 (Herman et al., , 2012 , which would allow for inhibitory projection neurons in the mNTS to influence premotor DMV neurons.
Addressing the inhibitory effect of MT-II on gastric motility at the mNTS, we attribute it to selective inhibition of antrum-projecting DMV neurons by activating a GABAergic mNTS-DMV circuit described previously by us Pearson et al., 2011) . Regarding the inhibition of gastric motility by MT-II at the DMV, additional studies are needed to determine the underlying mechanism(s) responsible for this phenomenon.
In summary, we set out to determine the effect of stimulating MC4-Rs in the DMV on gastric motility. We used MT-II, a drug widely used to assess the effect of MC4-R activation on food intake and body weight (Baird et al., 2011; Blevins et al., 2012; De Jonghe et al., 2012; Mul et al., 2012; Roseberry, 2013) . We found its predominant effect at the DMV was to decrease the amplitude of gastric phasic contractions. A similar effect was seen in the mNTS. This is not surprising because, whereas the DMV has a high density of MC4-Rs, the NTS also displays a moderate density of MC4-Rs (Kishi et al., 2003) . What changed the direction and focus of our research was the finding that the endogenous MC4-R agonist ␣-MSH exerted strikingly different effects on gastric motility than MT-II. Hence, we emphasize its effects, particularly at the mNTS. Here it decreases the amplitude of phasic contraction and decreases gastric tone, affects that mimic both GABA A receptor blockers and the -opioid receptor agonist DAMGO. These effects of ␣-MSH at the mNTS are consistent with the view that its release into the mNTS via activation of a hypothalamic-NTS circuit would cause amplification of satiety signals arriving from the stomach (Zheng et al., 2010) .
